Viruses have evolved various strategies to ensure efficient translation using host 12 cell ribosomes and translation factors. In addition to cleaving translation initiation 13 factors required for host cell translation, poliovirus (PV) uses an internal 14 ribosome entry site (IRES) to bypass the need for these translation initiation 15
Introduction 28
Since viruses rely on cellular translation factors and ribosomes for translation of 29 viral proteins, viruses and host cells battle for these critical resources. Viral 30 double-stranded RNA activates interferon-induced, double-stranded RNA-31 activated protein kinase (PKR), which phosphorylates translation initiation factor 32 eIF2α leading to inhibition of viral and cellular translation (1-3). To prevent eIF2α 33 phosphorylation and translational shut-off, viruses target PKR. Some viral 34 proteins directly bind to PKR to prevent its activity, other viruses degrade PKR or 35 alter its subcellular localization (4-9). To efficiently compete for ribosomes, many 36 viruses use translation initiation mechanisms distinct from cellular mRNA 37 translation initiation, which uses canonical cap-dependent translation. All cellular 38 mRNAs are transcribed in the nucleus, where they are also capped and 39 translation poliovirus (PV) and other viruses of the Picornaviridae family target 48 these eIFs. Specifically, PV proteases 2A and 3C cleave eIF4G, and PABP and 49 eIF5B, respectively (10-16). Cleavage of these essential translation factors shuts-off host cell translation, while PV uses an internal ribosome entry site 51 (IRES) for translation of the viral polyprotein that does not rely on these 52 translation factors (16, 17) . Viruses not only prevent global translation inhibition 53 in the host cell, they also employ strategies that specifically decrease translation 54 of cellular mRNAs. 55
In addition to targeting translation initiation factors, several viruses have shown 56 direct usage of ribosomal proteins to increase their viral translation. Lee et al. 57
performed an siRNA screen and identified eight ribosomal proteins including 58 eL40, that are not required for cell viability, but negatively affect Vesicular 59 RACK1 is located near the mRNA exit tunnel where it makes contacts with the 74 ribosomal RNA through lysine and arginine residues and neighboring ribosomal 75 proteins (26-28). RACK1 is often termed a scaffolding protein and has been 76 implicated in a variety of biological function on and off the ribosome. In addition 77 to binding to its eponym protein kinase C βII (PKCβII) and being involved in 78 cellular signaling via Src protein-tyrosine kinase (29-31), RACK1 has been 79 shown to interact with the microRNA machinery (32), bind eIF6 to regulate the 80 60S ribosomal subunit (33) and regulate ribosome-associated quality control (34, 81 35) . At the level of tissues and organisms, RACK1 regulates axonal growth (36), 82 neural tube closure in Xenopus laevis (37), and is essential for development in 83 mice (38), Drosophila melanogaster (39) and Arabidopsis thaliana (40, 41) , but 84 appears to be dispensable in single cell organisms such as yeast (27) . Directly 85 and/or indirectly, RACK1 also influences translation of cellular mRNAs. The containing mRNAs (45). In plants, where polyA-leader sequences are commonly 97 found, this RACK1 loop contains several glutamic acid residues, hence poxvirus 98 evolution likely rediscovered efficient translation of polyA-leaders through 99 phosphorylation of RACK1. Viruses from the Dicistroviridae family encode two 100 polyproteins, and translation of each polyprotein is mediated by an IRES (46). In 101 contrast to eS25, RACK1 is dispensable for translation of the CrPV IGR IRES, 102 but its loss inhibits the translation of both the 5′ IRES of CrPV as well as the HCV 103
IRES (47). 104
The finding that RACK1 facilitates efficient translation of the HCV IRES prompted 105 us to explore if the need for RACK1 is more broadly conserved. Using a RACK1 106 knockout cell line generated by CRISPR-Cas9 genome editing (45), we first 107 tested translation using dual-luciferase constructs. We found that HCV, EMCV 108 and PV IRES translation are all reduced in cells lacking RACK1. Although the 109 effect on PV translation in the context of the dual-luciferase reporter is moderate, 110 loss of RACK1 causes a significant decrease in the PV plaque size. This 111 decrease is due to attenuated translation prior to and post translational shut-off, 112 suggesting that the virus life cycle lengthened in cells lacking RACK1. 113
114

Results
115
RACK1-FLAG is incorporated into polysomes 116
To investigate the function of mammalian RACK1 in translation, we established a 117 functional rescue by expressing RACK1-FLAG in HAP1-derived CRISPR 118 genome edited RACK1 knockout cell line RACK1 KO #1 described by Jha et al.
6
(45) using lentiviral transduction (48). HAP1 cells are a near-haploid human cell 120 line derived from chronic myelogenous leukemia KBM-7 cells (49). RACK1 was 121 undetectable in RACK1 KO #1 and RACK1 KO #2 cell lines. Following lentiviral 122 transduction of RACK1-FLAG into RACK1 KO #1 cells, RACK1 levels were 123 partially restored (figure 1A). To examine incorporation of FLAG-tagged RACK1 124
into translating ribosomes rather than other high molecular weight cytosolic 125 complexes, we performed polysome analysis by sucrose gradient 126 ultracentrifugation. When cell lysate is treated with the translation elongation 127 inhibitor cycloheximide, translation will be stalled. Upon sucrose gradient 128 ultracentrifugation, the translating ribosomes, polysomes, are separated from the 129 ribosomal subunits. When sucrose gradient analysis was performed on wildtype 130 HAP1 and RACK1-FLAG expressing RACK1 KO #1 cells, no major differences in 131 ribosomal proteins, which now sediment in lighter sucrose fractions where the 143 ribosomal protein subunits are found. Following puromycin treatment, RACK1-144 FLAG now sedimented in the lighter sucrose gradient fractions 3 and 4 (figure 145
1C, right panel), where it again co-sediments with eS25. Taken together, these 146 results indicate that RACK1-FLAG is incorporated into translating ribosomes and 147 likely fully functional. 148
149
RACK1 mediates translation of viral IRESs 150
Loss of RACK1 has been previously shown to inhibit translation of the HCV and 151
CrPV 5′ IRES (47) raising the possibility that RACK1 generally facilitates viral 152 IRES-mediated translation. To test this hypothesis, we used dicistronic luciferase 153 reporters, in which translation of the Renilla luciferase uses canonical cap-154 dependent translation initiation, while translation of the Firefly luciferase is 155 mediated by a viral IRES ( figure 2A ). We tested the importance of RACK1 for 156 translation of four viral IRESs, specifically PV, EMCV, HCV and CrPV intergenic 157
IRESs. These IRESs represent four major types of viral IRESs and use different 158 mechanisms for translation initiation (4). None of these viral IRESs use the cap-159 binding function of eIF4E, although a recent study showed that eIF4E stimulates 160 the helicase activity of eIF4A on the PV IRES independent of its cap-binding 161 function (52). In contrast to PV, neither the EMCV nor the HCV IRES use a 162 scanning mechanism but instead directly recruit the ribosome to the start codon 163 To test if the reduction of PV IRES-mediated translation impacts the virus during 178 infection, we performed PV plaque assays in wildtype, RACK1 KO #1, and 179 RACK1-FLAG add-back cells and measured both PV plaque diameter and 180 plaque numbers. Following infection with the Mahoney strain of PV, we observed 181 a significant decrease in the PV plaque size in cells lacking RACK1 as compared 182 to wildtype and RACK1-FLAG add-back cells ( figure 3A) . In contrast, the number 183 of PV plaques was not significantly altered in any of the cell lines ( figure 3B ). 184
Together, these data indicate that infectious particles are similarly efficient at 185 establishing an infection independent of cellular RACK1 levels, however, the 186 infectious cycle and virus spread may be impaired. 187
Loss of RACK1 impairs PV translation during the entire virus life cycle 189
Upon PV infection, the PV genome must be translated to give rise to the viral Early during infection, luciferase measurements reveal initial translation of the 212 replicon. Once negative strand synthesis has occurred, the PV genome will start 213 replicating, which will result in greater translation of the replicon and largely 214 increased luciferase production. We transfected in vitro transcribed PV-Luc RNA 215 into wildtype, RACK1 KO #1 and RACK1-FLAG cells, harvested protein lysates 216 3, 5, 7, and 9 hours post transfection and measured luciferase levels by 217 luminescence. As expected, we observed robust luciferase production in wildtype 218 cells, while levels of luciferase in RACK1 KO #1 remained more than 10-fold 219 The ribosomal protein RACK1 interacts with numerous cellular proteins and has 242 been thought to function as a scaffolding protein that connects cellular signaling 243 pathways with the ribosome and the translation machinery (55). In addition, it has 244 been previously shown that RACK1 is important for translation of the HCV IRES 245 showed that the CrPV IRES is unable to bind to 40S ribosomal subunits lacking 316 eS25 (19). Since the 40S ribosomal subunit is not directly recruited by the PV 317 IRES but involves a scanning mechanism, in vitro ribosome affinity can only be 318 measured in the presence of purified translation initiation factors, which is quite 319 challenging. However, 40S ribosomal subunits lacking RACK1 directly bind the 320 HCV IRES with an affinity similar to wildtype 40S ribosomal subunits (48). 321
Further, ribosomes lacking RACK1 are also able to form 80S ribosomes at high 322 concentrations of magnesium (48) indicating that RACK1 is neither involved in 323 40S nor 80S:HCV IRES complex formation. Although we cannot exclude a direct 324 contribution of RACK1 to 40S binding or 80S complex formation with the EMCV and PV IRESs, we believe that the evidence for the HCV IRES suggests that 326 RACK1 might employ a mechanism distinct from eS25. to test these models. Thus, in cell structure probing techniques such as selective 341 2′-hydroxyl acylation analyzed by primer extension (SHAPE) coupled with the 342 replication inhibitor guanidine hydrochloride, may be required to provide valuable 343 insights into the PV-IRES ribosome structure in the future (64). 344
Third, RACK1 is not near the HCV IRES binding interface as revealed by the 345 cryo-EM structure of the HCV IRES:40S complex, further indicating that RACK1 346 unlikely affects IRES binding. In contrast to the CrPV IGR IRES, both the 5′ CrPV 347 and HCV IRESs require eIF3, which has an extensive binding surface on the 40S ribosomal subunit. Translation initiation factor eIF3 is composed of 13 protein 349 subunits and binds to a large surface of the 40S ribosomal subunit (65, 66) . MgCl2; 1 mg/ml heparin (Sigma), 2 mM puromycin as previously described by 423 
